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INTRODUCTION

The most common injury-causing motor vehicle crashes involve
major impacts to the vehicle’s front or side. Consequently,
substantial research has been focused on efforts to better
understand and reduce the injury potential of such crashes.
Safety improvements include better passenger compartment
integrity, more benign interior contact surfaces, and improved
restraint systems, including ones with airbags. Less attention
has been given to the injury potential of vehicle rollover

and to the design of restraint and containment systems which
minimize the injury potential in rollovers. The present effort
studies rollover crashes in order to determine how best to

provide improved rollover crash protection.

Two methods of studying vehicle crashes are available:
extensive and costly full-scale testing and computer
simulation. Full-scale crash testing is necessary and
desirable. However, considerable insight and design

guidance can be obtained fron predictive analytical models.

The most ideal approach employs both these methods. Full-scale
testing provides baseline data which are used to validate
computer simulations. Validated simulations can then be used
for initial test design, evaluation of test condition
variations, the investigation of vehicle design changes to

minimize occupant injuries, and the study of specific rollover



crashes that are not experimentally feasible. The investiga-
tion of occupant injuries in rollover tends to fall in the

latter category.

While full-scale rollover crash tests have been performed in
recent years, the primary vehicle motion in these tests has
been a simple longitudinal roll. While this mode of testing
may help to evaluate a vehicle’s resistance to roof crush and
the violence of an occupant’s motion, it does not adequately
represent the full spectrum of dynamic responses that vehicles
experience in rollover crashes. Addressing this spectrum of
responses in a testing program is difficult for two reasons:
1) A very large number of tests would have to be conducted; and
2) one cannot specify with consistency prior to the test the
motion of the vehicle. It is specifically in the area of
repeatability, which is essential to evaluate methods to
minimize injury, that computer simulation has many of its
advantages. The vehicle motion can be exactly specified and is
xactly repeatable. Thus, computer simulation is excellent for
performing studies in which only one factor is varied at a
time. Such a study would be virtually impossible with
full-scale testing using dummies. In addition, the cost of
computer simulation is generally much less than that of
full-scale crash testing. Of course, to be totally confident
in the results of computer simulation, some parallel crash
testing must be done to verify the accuracy of the prediction

of both the vehicle and the occupant motion.



This effort describes the application of a coupled rigid body
dynamics program in order to predict the motion of the vehicles
themselves for two separate rollover crash tests. The
simulations are of actual test events and results of the
simulations are compared to those of the tests. Predictions of
the dummy motions for these two tests have already been

reported in References 3 and 4.

BACKGROUND

In the early 1970’s, the National Highway Traffic Safety
Administration contracted with Calspan Corporation to develop a
computer program which predicts the dynamics of an occupant
during a vehicle crash. This program was called the Crash
Victim Simulator (CvS) [Ref. 1]. The Harry G. Armstrong
Aerospace Medical Research Laboratory at Wright-Patterson Air
Force Base applied this program to predict the motion of humans
and manikins in various dynamic environments, including
ejection from aircraft and windblast, as well as automobile
crashes. A number of modifications were made to the CVS to
better address Air Force problems and the resulting program was

renamed the Articulated Total Body (ATB) model [Ref. 2].

Before the ATB model could be used for parametric studies of
occupant motion during rollover, it was necessary to verify
that the ATB is capable of accurately predicting occupant

motion during the prolonged and complex motion of a rollover



crash. For this purpose, a number of controlled, fully-
instrumented rollover crash tests were conducted and the motion
of the dummy occupants were predictively simulated with the ATB
model [Ref. 3 and 4]. These tests were filmed with high-speed
cameras located at various points external to the vehicles and
also with cameras inside the vehicles focused on the occupant
motion. In each test, the vehicle’s motion, as recorded by
high-speed cameras mounted at various points on the ground, was
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the data were initially estimated. From these simulations of
actual rollover crash tests, modified simulations could be
conducted in which some of the test conditions were varied.
These could include restraint system or interior structure
modifications of the vehicle, changes in the vehicle motion, or
the use of different sized occupants in different initial
positions. A series of these predictive simulations,
constituting a parametric study, could be useful in determining

how best to protect an occupant during rollover crashes.
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Parametric studies similar to these have been performed and
have proven quite useful [(Ref. 5]. There are, however, two
constraining factors in this process: (1) an actual vehicle
crash test must first be performed, and (2) the film of the
resulting vehicle motion must then be analyzed. 1In order to
realize the full advantages of computer simulation, one should
have the capability to predict occupant motion during any crash
initiated by specified means, whether it is a fully
instrumented crash test, a real-world crash, or a purely
hypothetical one. One way to accomplish this would be to use
the ATB model to predict the vehicle motion, using the initial
vehicle conditions at roll initiation and a prescription of the
physical environment that interacts with the vehicle during the
rollover. This predicted vehicle motion would, in turn, be
used to prescribe the vehicle motion for the occupant
simulation. This process greatly reduces both time and costs
even when crash tests are available, because the film analyzing
process for vehicle motion reconstruction, which is highly

time-consuming, is avoided.

The objective of this study was to develop the methodology
required, using the ATB model, to accurately predict the

crash/rollover motion of a vehicle given the set of vehicle
conditions at rollover initiation and a prescription of the

forces exerted on the vehicle by the crash environment. With



the methodology adequately developed, accident investigators
could use the process on a trial and error basis to reconstruct

rollover crashes.

In order to verify the validity of this methodology, the
initial conditions of two actual tests were used as input
specifications for the model and two simulations were made.

The first test consisted of rolling a 1981 Plymouth Reliant off
a rollover test device and the second consisted of impacting
the end of a turned-down guardrail with a 1982 Dodge Aries.
Since these two car models have such similar body properties,
they were modeled using the same set of body specifications.
The predicted motions were compared with the motions of the
actual test vehicles using visual comparisons of the vehicles

and graphical plots of kinematic data.

DESCRIPTION OF ATB MODEL

The Articulated Total Body Model is an analytical program based
on coupled rigid-body dynamics methods using Fuler equations of
motion with Lagrange type constraints. Although this model was
originally developed to study human body and anthropomorphic
dummy dynamics during automobile crashes, its flexible
structure enables the modeling of much more diverse systems.
The input to the model defines the specifics of the system.
These systems are described as sets of rigid segments that are

connected by joints. These joints allow the transfer of



moments and forces due to constraints, as well as torques as
functions of joint orientation, between the segments. The
outer surfaces of the segments are defined by contact
(hyper)ellipsoids that are rigidly attached to the segments.
Each segment may have more than one contact (hyper)ellipsoid
associated with it. The magnitudes and points of application
of external forces, such as those caused by interactions with
other segments, planes, and belt restraint systems are
dependent upon the geometry of the contact (hyper)ellipsoids.
The ATB model also requires functions which relate: the magni-
tudes of the contact forces to the amount of mutual deflection
of the contact surfaces, the magnitudes of the joint torques to
the rotation angles, and the magnitudes of belt, wind, and

spring forces to other appropriate parameters.

In this study, the vehicle was modeled as a single rigid
segment with a number of contact (hyper)ellipsoids rigidly
attached to it. The geometries and locations of these
(hyper)ellipsoids were chosen to provide appropriate
ground-vehicle contacts based upon the actual dimensions of the
vehicle. Since only one segment was used for the car, no
joints were needed and, due to the specific application, no

harness system or wind forces were used.



ROLLOVER DEVICE CRASH TEST

DESCRIPTION OF TEST

The first test analyzed to simulate vehicle rollover dynamics
was one of a series of rollover crash tests conducted by the
Transportation Research Center of Ohio for the National Highway
Traffic Safety Administration. In this test, rollover was
initiated in a 1981 Plymouth Reliant 4-door by a rollover test
device (RTD), shown in Figure 1 [Ref. 6 and 7]. This
particular set-up was chosen for the first simulation because

of its relative simplicity and the abundance of data available.

The RTD was designed so that the initial orientation of the
vehicle can be varied. The wheels of the RTD are allowed to
rotate about a vertical axis so that the device, along with the
car placed on top of it, can be crabbed at an initial yaw angle
(Figure 2). The actuating cylinders cause the platform on
which the test vehicle is mounted to rotate about a horizontal
axis. To give the vehicle an initial linear velocity, a cable
tows the RTD along a guiderail at the desired velocity. At a
specified point along the guiderail, the cylinders actuate,
causing angular acceleration of the platform and giving the
platform and car an initial roll velocity. Finally, the test
vehicle separates from the platform, and the RTD is rapidly

decelerated to a stop so that it does not run into the test
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vehicle. For this particular test, the initial orientation was
42 degrees yaw and the initial linear velocity at separation

from the RTD was 21 mph.

The layout of the test area is shown in Figure 2. Breakaway
poles were placed on the ground as reference points for
cameras, which were located at various points on the ground and
filmed the vehicle motion for future comparison to simulated
motion. After the vehicle separated from the RTD, it rolled

one and one-half times and came to rest on its roof.

VEHICLE MODEL

The ATB program requires that the surface of the test vehicle
be modeled with ellipsoids. For this particular rollover
crash, it was decided that eight ellipsoids, rigidly attached
to a single segment, would adequately represent the vehicle’s
various deformable surfaces. These eight ellipsoids
represented the four tires, the front and rear bumpers, and the
front and rear windshield/roof surfaces [Fig. 3]. When the
hyperellipsoid option of the ATB program recently became
available, the front and rear bumper surfaces were changed to
hyperellipsoids to better model the blockish shape of these
parts. The dimensions of the car were obtained from the Motor
Vehicle Manufacturers’ Association Specifications on a 1981
Dodge Aries [Ref. 8]. The size, shape, and location of the

ellipsoids were based upon these dimensions.
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The inertial properties of the vehicle were taken from a
variety of sources. The mass and the center of gravity of the
vehicle, with the manikin and instrumentation in place, were
measured at the test site before the rollover was performed.
The moments of inertia were more difficult to obtain. Measured
values of the moments of inertia for this car model were not
available, so an estimation had to be made based upon data
taken from a number of older model cars [Ref. 9]. Data from
the most similar of these cars was scaled down to fit the test
vehicle, using the dimensions and masses of the test vehicle

and the other cars as scale factors.

The force-deflection and friction characteristics for the
vehicle-ground contacts were estimated. The force-deflection
characteristics were defined in terms of a force-deflection
function, an energy absorption function, and a permanent
deflection function. These functions were adjusted as the
preliminary simulations were performed and analyzed so that the
simulated vehicle motion better matched the actual vehicle

motion.

INITIAL CONDITIONS

For these simulations, two orthogonal axes systems are defined:
the inertial coordinate system and the vehicle coordinate
system. The origin of the inertial coordinate system is

located at the point on the guiderail where rollover was

13



initiated. The X axis is parallel to the guiderail that the
vehicle was towed along and is in the direction of vehicle
motion, the Y axis is directed from left to right, and the 2
axis is directed toward the ground. The vehicle coordinate
system is attached to the vehicle with its origin at the center
of gravity, the X axis directed from the rear to the front of
the vehicle, the Y axis directed from left to right, and the 2
axis directed from top to bottom of the vehicle. All
quantities of linear motion and angular displacement are given

in the inertial coordinate system and angular velocity is given

in the vehicle coordinate system.

The initial conditions of the vehicle used as input to the ATB
were those kinematic values existing when the vehicle
completely separated from the RTD, occurring 885 msec after
time zero of the crash test. These kinematic values (linear
and angular velocities and displacements) were obtained by
analysis of vehicle motion film data, performed for the earlier
study [Ref. 4]. The values for these initial kinematic

parameters are as follows:

X Y Z
Linear Velocity (in/sec) 376.296 -58.851 165.737
X Y Z
Linear Displacement (in) 279.442 -31.075 ~50.269
X Y z
Angular Velocity (deg/sec) -115.930 -60.807 12.395
Yaw Pitch Roll
Angular Displacement (deg) 47.890 -6.890 ~77.400

14



SIMULATION RESULTS

The results of the vehicle simulation are given in two formats:
(1) Comparisons of the film images with computer-generated
images of the ATB simulation, and (2) plots of kinematic and
dynamic values for the test and the simulation. The "test"
data shown in the plots are actually reconstructed values from

the film analysis phase of the previous study.

VIEW Graphics

The vehicle motion during this crash test was recorded at high-
speed (500 fps) on film by several ground based cameras located
in the test area. One of these views, showing the motion
throughout the majority of the test, was chosen to evaluate the
vehicle simulation. The VIEW computer graphics program [Ref.
10] was used to generate three-dimensional images of the motion
of the vehicle as predicted by the ATB simulation. The VIEW
images were generated with respect to the same viewing angle as
that of the chosen camera so that a direct comparison can be

made between the predicted and the actual motions.

Figure 4 shows the film images and the simulated images of the
vehicle motion starting at time zero, which is defined as the
moment after the vehicle separates from the test device, and
proceeding at 200 msec intervals. The motion matches quite

well for the first 800 msec. At 1000 msec, the simulated

15
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vehicle has rolled approximately 60 degrees more than the
actual vehicle and this difference is maintained through 1200
msec. At 1400 msec, the orientations again become more closely

aligned and by 1600 msec, they are almost identical.

The actual vehicle continues to roll more rapidly than the
simulated vehicle until about 2400 msec when its rolling motion
stops. The simulated vehicle, while rolling at a slower rate
during this period, continues to roll beyond 2400 msec and does
not stop rolling even at 4000 msec when the simulation is

terminated.

While the initial conditions and actual motion match well

between the actual test and the simulation through about 800

msec, the motion beyond 800 msec was not a good match. The
primary reason was the inability to absorb sufficient energy in
the simulation. This resulted in excessive bouncing in which
the vehicle was totally off the ground, which did not occur in
the actual test. During these periods, surface frictional
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Data Time Histories

The ATB model calculates various kinematic values which can be
plotted as a function of time to compare to the corresponding
measured values. In this section, the data generated during
the vehicle simulation are compared to the data obtained during
the analysis of the films of the vehicle motion, hereafter
referred to as the "reconstructed motion data". The
reconstructed motion data are assumed to be accurate in

describing the actual motion of the vehicle.

Since the intent of the predictive simulation of the vehicle
dynamics was to match the simulated motion against the
reconstructed motion data, all linear acceleration, velocity,
and displacement variables were converted to the inertial
coordinate system. While a comparison in the inertial system
facilitated the development of the predictive simulation
method, it precluded a possible comparison between vehicle

on-board accelerometer measurements and the predicted results.

The primary objective in this study was to adjust vehicle and
ground contact properties to best match vehicle position and
kinetic energy over time for the simulated and reconstructed
events. The best matches that were obtained are shown in
Figures 5 through 10. Figure 5 shows the relatively poor
agreement of the respective linear accelerations. The two main

reasons for this were 1) the reconstructed motion had been

20
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obtained using position data which had subsequently been
filtered to reduce noise introduced in differentiating the
data, and 2) the ATB model was unable to analytically extract
adequate energy during the ground impacts. The first factor
contributed to lower acceleration peaks in the reconstructed
data than what was predicted. The second factor did not allow
sufficiently rapid energy absorption during rolling, resulting
in time-shifted acceleration peaks, too large peaks during the
latter part of the roll motion, and continued vehicle motion
beyond the reconstructed motion vehicle stop time. The periods
of constant Z axis acceleration represent vehicle acceleration
while off the ground. Physically, this type of response is
reasonable, though the length of time that the vehicle is
airborne may be accentuated due to the model’s inability to
absorb sufficient energy during ground contacts. The lack of
constant acceleration periods in the reconstructed data further
demonstrates the problem of deriving accelerations from

position measurements.

The linear velocities [Figure 6], on the other hand, match
fairly well in the magnitudes and the general trends, although
the timing of the peaks and valleys does not match well. These
plots also indicate the intervals in which gravity was the only
force acting on the vehicle. 1In the inertial X and Y
directions, these intervals are characterized by periods of
constant velocity equal to the velocity of the vehicle when it

left the ground. In the Z direction, the curve has a constant
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positive slope during these periods. Figure 7 shows the linear
displacements. These match better than the velocities,
particularly in the X direction. It is evident from the plot
of the Z component of linear displacement that the simulated
car consistently bounces higher than the car in the actual
test. This indicates a problem with absorbing kinetic energy,

which will be illustrated further in the kinetic energy plots.

The angular velocities are given in the vehicle coordinate
system and the angular displacements are given in the inertial
coordinate system. Figure 8 shows the angular velocity plots
and Figure 9 the angular displacement plots. These all match
fairly well. The most obvious differences in the velocity
plots are that the simulated motion has almost constant
plateaus whereas the reconstructed motion data does not. These
plateaus are due to the lack of an applied torque to the

simulated vehicle when it is airborne.

The kinetic energy plots are displayed in Fig. 10. These
clearly show that less energy was absorbed in the predictive
simulation than observed from motion reconstruction. Note that
the amount of kinetic energy due to angular motion is almost an

order of magnitude less than that due to linear motion.
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PARAMETRIC STUDIES

One difficulty in performing these types of vehicle simulations
is the lack of data on certain characteristics of the vehicles
that are needed for the dynamics simulation. This is
particularly true for the moments of inertia and the contact
force deflection characteristics. For these simulations, these
data were initially estimated and then, by analyzing the
preliminary simulations, adjusted as required within physically
reasonable limits to improve the predictions. The effects of
varying 1) the moment of inertia of the vehicle about its X
axis and 2) the friction coefficient between the vehicle and

the ground on the vehicle’s motion were examined.

Effects of X Moment of Inertia Variation

In the rollover crash test simulation described above (the
"baseline simulation"), the value of the X moment of inertia
(Ixx) was 3897 in-lb-sec**2., To examine the sensitivity to
changes in Ixx, simulations were performed with 80%, 90%, 110%,
and 120% of the baseline Ixx value. All other input parameters
were unchanged. The resulting VIEW plots from these
simulations, compared to the baseline simulation, are shown in
Figure 11. The motions are very similar for the first 800
msec. At 1200 msec, the positions begin to significantly
diverge. For reduced Ixx moments, the initial roll rate is

greater than for the baseline case and for increased Ixx
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moments, the roll rate is less. While the roll rate difference
is small, it leads to a slightly different vehicle orientation
when the vehicle is striking the ground at approximately 1000
msec. Due to the different orientation, the contact force with
the ground is applied at different points on the vehicle
leading to nose up pitching motion for reduced Ixx moments and
nose down pitching motion for increased Ixx moments. For the
baseline case, pitching motion is minimally affected. The
increased pitching motion both for the lower and higher Ixx
moment cases results in reduced rolling motion of the vehicle
with the final position at 4000 msec for these cases being one

half turn less than for the baseline case.

What these results seem to indicate is that changes in inertial
properties minimally affect the motion of the vehicle directly.
However, the slight modifications that result from inertial
property differences can result in drastically different
vehicle motion trajectories due to ground contact interactions
with different parts of the vehicle. These effects are highly
nonlinear in that slight positional differences can result in
significantly different moment applications to the vehicle due
to contact forces which in turn can substantially modify the

vehicle’s rotational trajectory.

36



Effects of Friction Coefficient Vvariation

In the baseline simulation, the friction coefficient used for
the ground-vehicle contact (not including the tires) was 0.40.
For this parametric study, three other simulations were run
with the value of the friction coefficient being 0.30, 0.20,
and 0.10. The VIEW plots of these simulations are shown in
Figure 12. The results of this parametric study are more
predictable than those of the first. With a lower friction
coefficient, the vehicle would be expected to slide along the
ground more and roll less. This is the case for the first 1600

msec. As the friction coefficient is progressively lowered,

velocity of the resulting motion.
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GUARDRAIL IMPACT ROLLOVER

DESCRIPTION OF TEST

In order to further refine the techniques of vehicle simulation
using the ATB model, the motion of a vehicle in a second, more
complex rollover crash test was predictively simulated.
Performed by the Southwest Research Institute (SWRI), this test
used a 1982 Dodge Aries (essentially the same type of car as in
the first test) for the test vehicle [Ref. 11]. Rollover was
initiated by running the vehicle up the turned-down end of a
guardrail at 60 mph. The longitudinal centerline of the
vehicle was offset from the guardrail, and the resulting motion
of the car was quite violent; four complete revolutions about
the vehicle’s longitudinal axis were made in approximately 4.5
seconds. The layout of the test is illustrated in Figure 13.
As in the previous test, high-speed cameras placed around the
test area recorded the motion for future study. The view from
the camera placed above and behind the car was used for

comparisons to the simulation.

MODIFICATIONS TO VEHICLE DESIGN

Although the type of vehicle used in this test was the same as
in the previous test, certain modifications to the vehicle
description were necessary due to the nature of the crash and

also to improve the amount of energy absorption. One change
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involved attaching an additional hyper llipsoid to the vehicle
segment to represent the bottom surfaces of the car (axles,
drive train, etc.) (Figure 14). This was necessary in order to
simulate the contact forces of the guardrail as the vehicle

initially rode up the guardrail.

The other major modification made to the vehicle description
was the method of defining the force-deflection
characteristics. For the first test simulation, the
force-deflection characteristics were defined in terms of a
loading function, an energy absorption function, and a
permanent deflection function. Because of the way that the
program calculates the unloading curve from these functions, an
insufficient amount of energy was being absorbed for these
simulations as evidenced by the bouncing of the vehicle in the
simulation. An alternate method of defining these
characteristics is available with the ATB model using functions
that are dependent upon both the deflection and the rate of
deflection. With the rate-dependent functions option, a
greater percentage of the available kinetic energy can be
absorbed through surface contacts. The characteristics of the
vehicle contacts with the ground and guardrail were defined
with rate-dependent functions so that the vehicle would not
bounce as high as in the first simulation and so it would stop

its motion in the correct time period.
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DESCRIPTION OF GUARDRAIL

The guardrail surfaces were modeled with planes that were
attached to the ground segment. The posts that held the guard
rail were modeled with separate segments that were joined to
the ground by locked joints and had surfaces defined by
ellipsoids. Since in the actual test, the car appeared to hit
only three of the posts, only these three were included in the
simulation. The dimensions and locations of the guardrail and
posts were determined by measurements taken at the test site.
The force-deflection characteristics of the guardrail and posts
were defined with rate-dependent functions which were estimated
by observing the post deformation and vehicle motion in the
film. As with the ground contacts, the functions were refined

through an iterative process of preliminary simulations.

INITIAL CONDITIONS

Time zero was defined as a point just before the vehicle
impacted the end of the guardrail. The position and
orientation of the car at this instant were measured at the
test site and verified from analysis of the film. The linear
velocity of the vehicle at time zero had a value of 60 mph, and

there was no angular rotation until the car hit the guardrail.

The complete input file from this simulation is included in the

Appendix.
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SIMULATION RESULTS

VIEW Graphics

The position of camera number 4 (see Figure 13), located behind
and above the ramp end of the guardrail, was used in the VIEW
program to obtain images of the simulation comparable to those
of the actual test. Figure 15 contains the pictures of both
the simulation and the film starting with time zero and
continuing at 300 msec intervals. As the car proceeds up the
end of the guardrail, the left side of the car is elevated off
the ground, thus initiating the rolling motion. By comparing
the time-sequence pictures of the actual and predicted vehicle
motion, one can see that they are very similar. Both vehicles
rolled four total revolutions, the final orientation and linear
position appear to be the same, and the progression of
positions during the crash was very similar. The greatest
difference between the two vehicle motions is in the timing of
the angular motion. Initially, the simulated vehicle has a
slightly greater roll velocity than the actual vehicle,
probably due to minor differences in the force-deflection
characteristics of the guardrail-vehicle interaction. At
approximately 1100 msec, the angular roll velocity of the
actual vehicle abruptly increases and by 1700 msec the roll
positions of the simulated and actual vehicles are aligned. The
actual vehicle continues to roll faster until about 3500 msec,

after which time about a 180 degree roll position difference is
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maintained. Close examination of the photographic records and
vehicle damage after the test revealed that at 1100 msec the
hood of the inverted vehicle struck the guardrail. This
contact most likely applied a sufficient roll moment to the
vehicle to produce the observed increase in roll velocity.

This interaction of the vehicle hood with the guardrail did not
occur in the simulation and is probably the cause for the final

180 degree roll position difference.

Data Time Histories

As with the first simulation, the time history plots from the
ATB model predictive simulation are compared to those from the
reconstructed motion of the crash test due to the accelerometer
data not being in the same coordinate system. As shown in
Figure 16, the linear acceleration curves of the CG of the
vehicle again match poorly. As explained previously, one of
the reasons for the lack in matching is the method used for
collecting and processing the reconstructed motion displacement
data. The displacements of the vehicle were recorded only at
certain discrete points in time, leaving open the possibility
of missing abrupt changes in motion. This displacement data
was then smoothed with a cubic spline-fitting routine [Ref. 3].
This forces the acceleration plots to be continuous, linear
spline-fit, so that sharp spikes are eliminated. The linear
velocity plots are shown in Figure 17. These plots match quite

well in spite of the length and complexity of the simulation
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and of the number of estimations and approximations made. Both
the X and Y components of linear velocity go to zero at the end
of the simulation. Since the vehicle is still rocking, the 2
component of linear velocity has a non-zeroc value at the end of
the simulation. The "stairstep" shape of the X component of
velocity curve is due to the vehicle impacting the ground or
guardrail (a sudden drop in velocity) and then bouncing in the
air (a flat plateau). Figure 18 includes the three components
of linear displacement. These also match very well, with the
simulation displacements being slightly larger in the X and Y
directions. All three of the plots show the smoothing effect

in the reconstructed data.

The angular acceleration plots (Fig. 19) match relatively
poorly, as is expected. Again, the reconstructed data is much
smoother than the simulation data. The angular velocity data
agrees much better (Fig. 20). From the X axis angular velocity
plot, one can see the phase shift of the rolling motion as
described in the previous section. From approximately 1200 to
4100 msec, the simulation motion is roughly 400 msec behind the
reconstructed motion. Figure 21 shows very good agreement in
the angular displacement plots. The roll plot again reflects
the phase shift and also shows that both the reconstructed and

the simulated vehicle rolled four complete revolutions.
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The kinetic energy plots are shown in Figure 22. These clearly
show the improvement in kinetic energy absorption over the
first vehicle rollover simulation by using the rate-dependent
functions option of the ATB model. As with the first test, the
amount of kinetic energy associated with linear motion is more
than an order of magnitude greater than that associated with
angular motion. 1Indicated on the kinetic energy plots are the
major surface contacts occurring throughout the simulation.
This shows that large drops in linear kinetic energy occur when
the vehicle impacts external objects or surfaces. The effect
of vehicle impacts on the angular kinetic energy depends a
great deal upon where the contact occurs on the vehicle body,
therefore it is difficult to determine any relationship between
the timing of impacts and the angular motion of the vehicle.
Both the linear and angular kinetic energy for the simulation
go to zero at 5600 msec, indicating that the vehicle has come

to rest.
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CONCLUSIONS

The Articulated Total Body model was originally developed to
simulate human and dummy dynamics during short-term (100 - 400
msec) crash situations. However, there are no inherent
characteristics of the program or the manner of prescribing the
input data which limit one to these types of simulations. The
main objectives of this project were to 1) determine the
feasibility of using the ATB model to predictively simulate the
motion of an automobile during relatively complex, long-term
events (2.0 - 6.0 seconds), 2) develop the methodology to
perform these simulations, and 3) validate the process using

the results of actual crash tests.

The simulations of two vehicle rollover tests were successfully
performed. The second, more complex crash test, a guardrail
impact rollover, was simulated more accurately due to two major
factors: 1) the first simulation brought forth many of the
potential difficulties that can be encountered during this type
of simulation and, 2) the rate-dependent functions option of
the ATB, not used for the first simulation, allowed the surface
contacts to more closely duplicate the actual energy-absorption
process. The success of these simulationé demonstrates the
feasibility of using the ATB program to predict the motion of a

vehicle during a complex event such as a rollover.
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Many factors are important for the successful performance of a
vehicle simulation. One of them is a good prescription of the
vehicle’s exterior surfaces, since the calculations of the con-
tact forces and points of application of these forces depend

upon the shapes of the contacting surfaces. Although an exact
duplication is probably not practical, a careful combination of
hyperellipsoids and ellipsoids should give an approximation

adequate for these simulations.

Other critical factors are the inertial properties of the
vehicle and the prescriptions of the force-deflection
characteristics for the various surface interactions. This
point is illustrated by the parameter studies performed on the
first crash test. The motion of the vehicle was dramatically
altered with a 10 percent change in the value of the principal
moment of inertia about the X axis. The differences in the
motions became greater as the simulations progressed, as would
be expected. Perhaps the most surprising result of this
parameter study was that when the roll moment of inertia was
altered, the pitching motion of the vehicle greatly changed.
This study illustrates the importance of accurate measurements
of all inertial data. It is recommended that future research
of this type use measured inertial data instead of

approximations.

The guardrail impact rollover simulation matched quite well
with the actual vehicle motion, especially considering the

approximations of the vehicle surface, the inertial properties,
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and the force-deflection characteristics. This was shown in
both the visual graphics comparisons and alsc in the kinematic
data comparisons. The results of these two vehicle rollover
simulations clearly demonstrate the feasibility of using the
ATB model as a predictive simulator for gross vehicle motion
for a crash/rollover event. Further refinements of the
methodology and better defined vehicle and vehicle/ground
contact properties would further improve the capability.
Specific areas of future work that would most benefit this
methodology are: 1) Modeling of wheel suspension systems; 2)
developing a library of contact properties between a vehicle
and various ground surfaces, and vehicle geometric and inertial
properties; and 3) generating a set of baseline simulations
that can be used for parameter variation studies or as a
starting point for simulations of different situations.

All of these refinements require the collection of
appropriate experimental data, including suspension system
properties for extremely high and unconventional force
applications, crush characteristics of vehicle roofs and
other surface parts, and overall vehicle motion data during
various crash/rollover events. With the resulting improved
and validated physical property data and modeling methodology,
the ATB model would have many applications as a predictive
vehicle dynamics simulation tool, including parameter studies
of vehicle and crash characteristics. Reconstruction of actual
motor vehicle rollover accidents will require an extensive
series of simulations of real-world crashes before the
computer model would be suitable.
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APPENDIX

GUARDRAIL IMPACT ROLLOVER INPUT DATA
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